We have investigated the chemistry of phosphorus-bearing compounds in the circumstellar envelopes of both oxygen-rich and carbon-rich evolved stars. In accordance with thermodynamic calculations of photospheric chemistry, we have assumed that the dominant forms of phosphorus in the inner circumstellar envelope (CSE) are PS and HCP in each case. In the C-rich case, we can reproduce the observed CP abundance reasonably well if it is the photodaughter of HCP. In the O-rich case we find, for the same amount of P available in PS, that large abundances of atomic P are available for reaction but that a low abundance of PO can be produced. We have not extensively explored the effect of additional neutral processes since our results are partly compromised by the fact that neither HCP nor PS is detected in the three CSEs where searches have been made; our models predict column densities in excess of the published upper limits. Sensitive searches for these molecules at higher frequencies are required before their presence in circumstellar envelopes can definitely be ruled out. Dust condensation may incorporate all the available P into refractory grains and so we suggest that searches for P-bearing molecules may have the greatest opportunity for success in more evolved objects, such as protoplanetary nebulae, where P has been released from grains through the action of strong shock waves.
I N T R O D U C T I O N
In the diffuse ISM, where it exists primarily as P + , phosphorus is only moderately depleted from its cosmic P/H abundance of 3 Â 10 27 (Jura & York 1978) . However, only one P-bearing molecule has been detected thus far in molecular clouds -phosphorus mononitride (PN) (Ziurys 1987; Turner & Bally 1987) . This is a particular case of the observed trend that molecules containing second-row chemical elements (Si, S, P, Mg, Na, Al, Cl) are, apart from sulphuretted species, very rare in the dense interstellar medium. This depletion is believed to be as a result of their incorporation into either the refractory cores or the volatile ice mantles of interstellar dust grains (e.g. Turner 1991) . Searches for other molecules that may be abundant -PO, PH 3 , HCP, HPO, PShave not been successful Ohishi et al. 1988) .
The interstellar chemistry of phosphorus has been considered in several studies (Thorne et al. 1984; Millar, Bennett & Herbst 1987; Turner et al. 1990; Millar 1991; Charnley & Millar 1994 ). Chemical models of cold (10 K) dark clouds overpredict the abundances of P-bearing molecules, relative to the observed abundance limits, and suggest strong depletion of P into molecular cloud dust. PN exists only in star-forming regions and this may be indicative of an active chemistry involving some degree of grain disruption ). For example, P atoms could be sputtered from the cores in shocks or, alternatively, phosphine (PH 3 ) ice could be evaporated into warm gas where it undergoes abstraction reactions to drive a phosphorus chemistry (Charnley & Millar 1994) .
The massive circumstellar envelopes (CSEs) of evolved stars exhibit a rich chemistry but carbon monophosphide (CP) is the sole P-bearing molecule to have been detected . As the photospheres of red giants are sites of grain formation, and local thermodynamic equilibrium (LTE) calculations predict the destination of any P remaining in the gas (Tsuji 1973) , these objects offer reasonably well-constrained environments in which to investigate phosphorus astrochemistry. Indeed, the circumstellar chemistry of phosphorus raises several problems in itself. Guélin et al. (1990) concluded that both the observed abundance of CP (,10 28 ) and its perceived distribution in IRC 1 108216 were difficult to reconcile with its photoproduction from HCP, the dominant molecular form of gas phase phosphorus in C-rich atmospheres ). In O-rich CSEs, LTE calculations predict that phosphorus monosulphide (PS) should be the major P-bearing molecule in the photospheric gas (Tsuji 1973 ).
Observational searches, albeit in a limited number of O-rich CSEs, have failed to detect PS (Ohishi et al. 1988) .
To date, the chemistry of phosphorus in the photochemical layers of red giant CSEs has only been considered in a qualitative manner for the C-rich case ). briefly considered the P chemistry of O-rich CSEs and assumed that the dominant form of phosphorus in the inner envelope was PH 3 ; LTE calculations, however, predict a negligible phosphine abundance in this case (Tsuji 1973) . In the present work we have used the P chemistry used in interstellar studies, suitably adapted, to model the chemistry in the circumstellar envelopes of red giants.
C S E M O D E L S
We have modelled two representative CSEs. The first is the C-rich envelope of IRC 1 108216. The second is an O-rich CSE with similar physical conditions to IRC 1 108216; this model therefore approximates the O-rich CSEs of IRC 2 10529, IRC110011, OH26:5 1 0:6 and OH44:8 2 2:3 (Bujarrabal, Fuente & Omont 1994 ). The chemical model is described in Mackay & Charnley (1999, hereafter MC99 Nejad & Millar (1988) , Nercessian et al. (1989) , Charnley et al. (1995) , and by .
The peak abundances of P-bearing molecules in the photodissociation layers scale with the gaseous abundance at R 0 of either HCP or PS, which we take to be 6 Â 10 28 , i.e. 10 per cent of the cosmic abundance, with the remainder locked up in solid dust grains. The CP detection of Guélin et al. (1990) is consistent with around a few per cent of the total P remaining available to take part in the CSE photochemistry ).
Phosphorus chemistry
We have used the phosphorus reaction network described by Charnley & Millar (1994) as the basis for the chemical models. This network incorporates results from several previous interstellar studies ( Thorne et al. 1984; Millar et al. 1987; Millar 1991) and we have supplemented it with several processes relevant for circumstellar chemistry. Photodestruction and photoionization of P-bearing neutrals have been added with unshielded (interstellar) rates, b 0 , of 10 29 s 21 and 10 210 s 21 , respectively. The appropriate (unshielded) interstellar photodissociation rates for P-bearing molecules, particularly for HCP and CP, are unknown. We therefore used rates for these photoprocesses which are almost identical with those of . Calculation of photodissociation rates at any envelope radius r is described by MC99; they are equal to b 0 exp½21:644ðd/ rÞ 0:86 . Here d is a shielding length and one value, d ¼ 2 Â 10 16 cm, was adopted for all P-bearing molecules. Table 2 lists the photoprocesses added to the model. We have added a complete ion-molecule chemistry for PS (Table 3 ). This includes reactions of PH We have also added a number of ionmolecule reactions to the PO (Thorne et al. 1984) , PN and CP networks (Table 3) . We neglect any possible coupling between the Si and P chemistries and have been conservative in adding new, though speculative, exothermic neutral-neutral processes to the basic chemical network; we do, however, raise some possibilities below.
3 R E S U LT S 3.1 C-rich envelope Fig. 1 shows the abundance profiles of the main repositories of circumstellar P in the model. Table 4 lists the calculated column densities compared to observations of P-bearing molecules in the IRC 1 108216 CSE. We do not predict appreciable abundances of any other P-bearing compounds. The carbon-phosphorus chemistry is simply the HCP photodissociation sequence:
and this model is therefore a numerical realization of the estimates made by Turner et al. (1990) . It is based on a conventional picture of CSE chemistry involving a parent-daughter relationship for HCP and CP and also predicts a hollow-shell distribution for CP in Charnley et al. (1995) .
IRC 1 108216. The calculated peak CP abundance of < 3 Â 10 28 is in reasonable accord with that determined by Guélin et al. (1990) . Despite this, however, the non-detection of HCP raises serious doubts as to the applicability of this model to the phosphorus chemistry. We find that HCP molecules are not destroyed chemically in the inner envelope and that a substantial column density should be detectable. Also, the observed CP emission appears compact and does not indicate a hollow-shell distribution. We therefore concur with Guélin et al. (1990) that the CP abundance in IRC 1 108216 is mysterious.
O-rich envelope
We have studied the CSE chemistry driven by the photolytic decomposition of PS in the sequence
Fig . 2 shows the radial distribution of the major species using the chemical model described in Section 2.1. We found that essentially no P-bearing molecules are formed. For example, PO can form through
followed by dissociative electron recombination
but this only produces a peak PO abundance of , 10 210 . Compared to the C-rich model the envelope contains a much higher abundance of P atoms. The coexistence in the photodissociation layers ð, 2 Â 10 16 cmÞ of a high atomic P abundance with those of reactive radicals, such as OH, suggests that some neutral -neutral processes could, if sufficiently rapid, produce P-bearing molecules. One might expect that the exothermic process
could then lead to significant PO abundances if it possesses a negligible activation energy barrier. The PO profile shown in Fig. 2 is thus that obtained when reaction (9) is included with a conservative rate coefficient of 5 Â 10 211 ðT/ 300 KÞ 20:75 cm 3 s 21 . It is unlikely that this abundance could be detected. Unlike we found that only tiny amounts of PH n species are formed (peak abundances , 10 210 Þ since the phosphorus hydride chemistry is initiated by the endothermic (i.e. slow) reaction of P + with H 2 rather than the decomposition of PH 3 . Ohishi et al. (1988) have determined respective upper limits to N(PS) of 2 Â 10 13 cm 22 and 3 Â 10 13 cm 22 in the O-rich envelopes of VY CMa and OH231:8 1 4:2. We find N(PS) of , 2 Â 10 15 cm 22 in both models of Fig. 2 . Clearly, a problem exists similar to that for HCP in the C-rich case and so, since the existence of the putative parent molecule, PS, has yet to be confirmed, we have not considered these processes further. Ohishi (1) Anicich (1993) , (2) this paper, (3) Thorne et al. (1984) . (1988) suggested that PS could be destroyed in the inner envelope by high temperature (endothermic) reactions involving OH and that PO and PH would be detectable instead. Using thermochemical data from the NIST data base (Afeefy, Liebman & Stein 2000) , we find that the process
is in fact slightly exothermic. Our calculations suggest that, apart from PS, most P-bearing compounds should be barely detectable in O-rich CSEs. Inclusion of speculative reactions such as (11) could, however, produce detectable abundances of PO.
C O N C L U S I O N S A N D D I S C U S S I O N
We have modelled the phosphorus chemistry of the circumstellar envelopes of red giant stars. Specifically, in the C-rich case, although we can reproduce the observed N(CP) we cannot reconcile its apparently compact distribution or the non-detection of HCP within the model. We found that no other P-bearing molecules should be detectable in IRC 1 108216. An important general difference between our work and that of , who assumed that PH 3 was the major form of P near the photosphere, is that we predict that no P-bearing daughter molecules (apart from CP) should be detectable if HCP and PS are the parents. High abundances of atomic P exist in the inner envelope and so reactions with molecular radicals could in principle occur. As the presence and size of activation energy barriers are unknown, we have not experimented by incorporating additional neutral-neutral reactions, except for that of P and OH which we find to have only a marginal effect. Our results do not support the suggestion that PN could be detectable in O-rich CSEs (Millar et al. 1987) . As in the C-rich case, the prediction that PS be the dominant form of P is not supported by searches of (albeit two) O-rich CSEs; until it has been detected our results cannot be taken as final.
The non-detection of the HCP and PS molecules predicted by photospheric LTE models to be the dominant forms of molecular P may raise serious problems for interpreting circumstellar P chemistry in the conventional manner. This was apparent prior to us undertaking these calculations but, as observational searches have only been conducted in three objects, we persevered since there may in fact be CSEs where these LTE results are applicable. We find, even in this optimistic scenario, barely detectable abundances, apart from CP, of various possible daughter species. This raises the related issue of whether or not the available observations rule out HCP and PS in CSEs? An important illustrative case is that of HCN in O-rich CSEs. Several molecules are observed to be anomalously present in many O-rich CSEs : HCN, HNC, CN, CS, NH 3 (Olofsson et al. 1991; Lindqvist et al. 1988 Lindqvist et al. , 1992 Omont 1993; Bujarrabal et al. 1994) . Early millmetric observations placed the HCN in the outer layers and much theoretical effort went into explaining its presence there through various photochemical models (e.g. Nejad & Millar 1988; Nercessian et al. 1989; Charnley & Latter 1997) . However, recent submillmetre observations of high-frequency transitions now clearly show that HCN resides in the warm, dense, innermost layers (Duari & Hatchell 2000; Bieging, Shaked & Gensheimer 2000) . Infrared observations are an even more sensitive probe of the inner CSE, and so higher frequency searches for PS and HCP may be in order as their detection by these means would resolve all the difficulties inherent in the present model. References: (1) Guélin et al. (1990) , (2) Matthews, Feldman & Bernath (1987) , (3) Turner et al. (1990) . Observations of P-bearing molecules in a larger sample C-rich and O-rich CSEs are clearly required. For IRC 1 108216, interferometry may better constrain the CP distribution and a deeper search for HCP would also be useful. A deep search for PS in more objects would provide a further test of the LTE predictions for O-rich atmospheres and hence of the model presented here. If all the circumstellar P is locked in refractory dust grains then the presence of CP and the apparent absence of HCP and PS may be connected to the operation of non-equilibrium processes, such as shock waves, which can break P atoms free from the grain cores. Indeed, PN is only detected in active star-forming regions, where grain disruption is more likely to occur than in dark clouds (e.g. Turner et al. 1990) . It is therefore not unreasonable to expect that another molecule, perhaps phosphine , is the dominant form of molecular phosphorus in the inner envelope. Hence, more evolved sources than those modelled here, where fast shocks are expected to occur farther out in the envelope, i.e. protoplanetary nebulae (PPNe), may be better prospects for discovering P-bearing molecules. The fact that PS is not detected in OH231:8 1 4:2, a well known PPNe, was accounted for by Ohishi et al. (1988) as being due to high-temperature reactions which convert it to PO and PH. A search for PS, PO and PN (as well as perhaps PH) in O-rich outflows would appear to be more worthwhile at present than further chemical modelling.
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